(residues 1-5 and 240-246 were excluded from the expression construct, see Experimental Procedures). We used X-ray crystallography to determine the threedimensional structure of She2p at 1.95 Å resolution, Within the crystal, we observed a dimer-dimer contact with buried solvent-accessible surface area of 663 Å 2 / which revealed that the She2p polypeptide chain folds into a single globular domain consisting of a bundle of dimer, which is significantly smaller than interfaces reported for most stable oligomers (Conte et al., 1999 ; five antiparallel ␣ helices with a small additional helix protruding at right angles from the middle of the bundle. Dasgupta et al., 1997) . Size exclusion chromatography suggested that She2p oligomerizes in solution, and anaShe2p forms a stable dimer that is required for function in vitro and in vivo. Systematic comparison with prelytical equilibrium ultracentrifugation revealed the predominant She2p-oligomerization state at concentraviously determined structures available in the Protein Data Bank (PDB, http://www.rcsb.org/pdb/) revealed no tions of 8-32 M to be dimeric (data not shown; see Experimental Procedures). Point mutations predicted to similarity between She2p and known nucleic acid binding proteins. We determined that She2p binds its target interfere with potential tetramer formation in solution did not result in a change in size exclusion chromatography mRNA with high affinity in vitro, mapped the RNA binding surface of She2p in vitro and in vivo, and present a behavior and did not affect RNA binding (data not shown). We conclude, therefore, that the observed molecular mechanism for RNA-dependent initiation of the assembly of ASH1 mRNP complex.
She2p dimer-dimer contact in the crystal is almost certainly not of physiologic importance.
Results

She2p Represents a Novel Protein Fold Structure Determination
Systematic comparison of She2p with structures preInitial poor-quality crystals were obtained from recombiviously deposited in the PDB using the DALI server nant full-length She2p expressed in E. coli. Results of (Holm and Sander, 1998) for 169 ␣ carbon pairs), adenylosuccinate lyase (PDB alterations were expressed in E. coli, purified to homo-ID, 1c3c-A; Z score, 7.7; rmsd ϭ 3.9 Å for 170 ␣ carbon geneity, and used in crystallization trials (see Experipairs), the eye lens protein ␦-2 crystallin (PDB ID, mental Procedures). Diffraction-quality crystals were 1auw-A; Z score, 7.7; rmsd ϭ 4.0 Å for 172 ␣ carbon obtained from a truncated form of She2p (residues 6-pairs), and ␤-carboxy-cis, cis-muconate cycloisomer-239) with all four Cys residues (Cys14, Cys68, Cys106, ase (PDB ID, 1q5n; Z score, 7.6; rmsd ϭ 4.3 Å for 178 and Cys180) changed to serine to overcome oxidation ␣ carbon pairs). Although class II fumarases like fumarduring purification. The X-ray crystal structure was dease C oligomerize via their central domain (Weaver et termined via multiple isomorphous replacement (Table  al. , 1995), their subunit interactions are distinct from 1; Ke, 1997) . The final refinement model was obtained those observed for the She2p dimer. at 1.95 Å resolution, with excellent crystallographic staAmino acid sequence identities within the fumarase/ tistics (R work ϭ 19.1%, R free ϭ 24.1%; Brü nger, 1992) and aspartase homologous superfamily tend to be high stereochemistry (see Table 1 Figures 4D and 4I) . The mutation dehydrogenase, Mycoplasma mycoides; and transient Asp67→Ala, which lies outside of the She2p RNA bindreceptor potential channel, Caenorhabditis elegans), of ing domain and supports RNA binding in vitro, yields a which four are thought to bind nucleic acids. Two of mutant form of She2p that is competent for ASH1 mRNA these known nucleic acid binding proteins, the 50S ribolocalization to the bud tip of the daughter cell (Figsomal protein L13P and the transcription factor ICE1, ures 4E and 4J). Finally, one of the two mutations are members of known structural classes that do not (Ser120→Tyr) that interfere with dimerization and RNA resemble She2p and do not in fact contain basic helical binding ( Figure 4A ) yields a form of She2p that also hairpins. No structural information is available for any cannot localize ASH1 mRNA in vivo ( Figures 4F and 4K ). of the five remaining candidate proteins. Secondary In summary, the yeast translocation studies support structure predictions were used to look for evidence of our previous findings by showing a direct correlation putative helical regions within the appropriate segments between in vitro She2p-RNA binding efficiency and matching the basic helical hairpin sequence motif from ASH1 mRNA translocation. Our in vivo yeast studies She2p. At best, the results of these analyses were amalso establish the requirement of She2p-homodimer forbiguous. Given our current, somewhat limited, knowlmation for translocation, which itself is necessary for edge of the universe of three-dimensional protein struc-RNA binding activity in vitro. tures, it appears that the basic helical hairpin motif occurs only within She2p proteins and their homologs A Conserved, Uncharged Surface Feature Is in yeasts.
Required for She2p Function
To identify additional conserved surface regions of functional importance, we analyzed a surface representation Dimerization of She2p Is Required for RNA binding Since She2p forms a stable dimer in solution, we sought of the She2p-sequence alignment ( Figures 3D and 5A-5D ). In addition to the previously defined RNA binding to establish whether or not She2p dimerization is required for RNA binding. Guided by our structure of surface feature (Figures 5A-5C ; enclosed with dotted et al., 1999) . These results together with the findings of our structural and mechanistic studies suggest that and 5H). In addition to residues from the RNA binding surface feature with positive electrostatic potential, muShe2p binds ASH1 mRNA by recognizing RNA secondary structure via interactions with its residues displayed tations on the upper, uncharged surface feature of She2p impair RNA binding. These findings suggest that by the basic helical hairpin ( Figure 3C ) and on the conserved hydrophobic feature on the upper surface of the one ASH1 mRNA zip code element arches over the upper, uncharged She2p surface region and binds simultahomodimer depicted in Figure 1F .
Since She2p homodimer has two RNA binding motifs, neously to the basic helical hairpins of both monomers. To date, the smallest identified ASH1 zip code element it is intriguing to speculate that one She2p homodimer binds two independent zip code elements. Two She2p has a length of 77 bases (ASH1 U element) and is be- ) combinations in the most favorable region of the Ramachandran from S. cerevisiae were expressed in E. coli Bl21-DE3* as glutathione diagram and an overall G factor of Ϫ0.1, which is significantly better S-transferase fusion proteins in the vector pGEX6p-1. Each exthan average for structures obtained at ‫2ف‬ Å resolution. pressed protein was purified to homogeneity via glutathione-Sepharose chromatography, followed by subtractive glutathione-Sepharose and anion exchange chromatographies and a final size Analytical Ultracentrifugation Sedimentation equilibrium measurements were made to determine exclusion chromatography step. Protein purity and quality were assessed by gel electrophoresis, size exclusion chromatography, 
